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Abstract
For over 100 years, the presence of coliform bacteria in water has been used as
environmental risk indicators for the occurrence of human pathogens (Salmonella, enteric
viruses, etc.). Although these measurements typically are used to protect humans from
potential exposure to toxins, little has been researched about the effect on organisms that
live in these waters. Our current study utilizes a long-term water monitoring program
within the Appomattox River watershed of south-central Virginia, as it examines the
effect of raw water containing varying bacteria levels on the first 72 hours of aquatic
vertebrate development, using a zebrafish model. Water samples were obtained from a
variety of freshwater collection sites both considered ‘clean’ and ‘impaired’ by the VA
Department of Environmental Quality (‘impaired’ includes >238 fecal coliforms/100mL
across multiple samplings). Other physical parameters were similar between sample sites.
By measuring the presence of fecal indicator bacteria, the relative number of pollutants
can be assayed. By comparing zebrafish embryos raised in clean versus impaired water
sources, the effect on muscle development and physiology was examined. qRT-PCR
analysis and in situ hybridizations were performed to identify altered expression levels of
genes critical for proper muscle development. Furthermore, we examined how this
misexpression of muscle genes altered the swimming physiology of the young fish. One
key early muscular behavior in 4-week-old fish was examined - a startle response that
includes the fish making a C-shaped bend to swim away from predators (C-starts). We
examined the effects of 'impaired' water on C-starts and have identified differences in
muscle physiology due to the impaired waters. This experiment can ultimately be used to
trace the effects of impaired water sources initially on gene expression levels within the
muscles of the fish embryo, and then ultimately that effect on the physiology of muscle
movement.
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Introduction
Water is necessary to support all life on Earth, but what happens when it is contaminated?
Around Longwood’s campus, there are several waterways present. The Appomattox
River and Gross Creek are two waterways within 10 miles of campus that have varying
degrees of contamination. The Appomattox River is a wide river that encompasses runoff
from the agricultural land that surrounds it. This runoff includes nitrogen-rich fertilizer
that promotes the growth of bacterial as well as herbicides and pesticides. Gross Creek is
located closer to Main Street and has urban runoff which includes anything from street
pollution and wastewater. Gross Creek also runs through farmland and thus also contains
agricultural runoff.
Polluted waters can have long-lasting negative effects on the ecosystem that surrounds
them (Lee et al., 2007). One method of water testing utilizes Escherichia coli, a Fecal
Indicator bacterium (FIB), which is a standardized method of measuring water quality.
Through FIB, the levels of harmful chemicals, bacteria, and viruses can be determined
because they are what the E. coli feed upon (Wu et al., 2010). When the FIB reaches a
certain threshold, it is considered impaired, and humans are advised not to use or interact
with it. It is important to note that these conditions are meant to warn humans of the risks
of swimming or consuming the water, not the risks towards the organisms who live in the
water.
Additionally, this allows researchers to determine impairment without identifying every
single contaminant that would be present. As seasons progress, it is also established that
the levels of pollutants fluctuate (Tang et al., 2019). It would be very difficult to measure
for every possible pesticide, chemical and other toxins at any point within a season so
using the FIB is easier and a more accurate test of water quality. Furthermore, it should
be stated that the indicator bacteria itself does not actually cause harm to organisms found
within the water, rather just the presence of them means that there are contaminants
within the water source (Carrara et al., 2015). The harmful effects are caused by the
contaminants themselves.
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Contaminants that have been present in similar waterways contain high levels of nitrate
from fertilizer for crops. Nitrates have also been found in excess near water systems that
have runoff from wastewater treatment plants, septic tanks, and animal manure. Excess
nitrates in water have been linked to decrease in water quality and ecosystem health. This
decrease in water quality is due to the large agal blooms that nitrates can fuel, causing
less oxygen to be available in the water (United States Environmental Protection Agency,
2014). It is also established that other toxic chemicals, like mercury and benzene, have
been documented in Virginia waters. Previous literature has shown that excess mercury
and benzene have coincided with deterioration of nervous systems of organisms and an
increase in risk of cancer (Virginia Department of Health, 2021). These contaminants
contribute to the growth of coliform which can be measured effectively to quantify the
level of impairment.
Waterways are considered impaired in Virginia when they are above 238 E. coli / 100 mL
according to the Virginia Department of Environmental Quality (United States
Environmental Protection Agency, 2014). This measurement is used to tell humans when
it is unsafe to interact with the water, but it does not address how it affects the inhabitants
of the water, like fish. When measuring FIB levels within the Appomattox River, there
are several months throughout the year that are below this threshold. By comparing this
to Gross Creek, only one month out of the study concluded that it was safe for human use
(Figure 1). This coincides with the level of contaminants to which each of these water
sources are exposed.
To study how this contamination can affect aquatic life, zebrafish are utilized. Zebrafish
are a model organism for a multitude of reasons. They have fast life cycles and are easily
maintained (Dooley et al., 2000). They also utilize external fertilization, which means
that their development can be observed as early as the one cell stage, in addition to large
brood sizes. Even though zebrafish are native to South Asia, they are still comparable to
local fish as they are teleost (ray-finned) fish, just like fish that are naturally occurring in
Virginia (Carrarra et al., 2015).
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Previously, it has been observed that survivorship of zebrafish embryos from 12-52 hours
post fertilization (hpf) decreases as the level of impairment increases. Survivorship in
control water without impairment has a rate of about 95% survival from 12-52 hpf.
Appomattox river embryos have a survivorship rate of about 85% compared to Gross
Creek embryos that drop to about 65% survival (Figure 2). This dramatic shift that has
been observed follows the pattern of decreasing survivorship as impairment increases
(Carrarra et al., 2015).
To determine if a cause for decreased survivorship, the formation of critical organs was
analyzed. Specifically, heart loop reversal and brain malformations have been observed.
A traditional L-shape heart loop that develops normally in control water will develop
reversed in severely impaired water like Gross Creek (Figure 3). Furthermore, brain
development is also altered as impairment of water increases. Specifically, the mid-hind
brain (MHB) boundary was improperly formed (Figure 4) (Carrarra et al., 2015). These
large defects in critical organs can begin to explain why survivorship decreases in
impaired waterways.
Both heart and brain malformations have been traced back to a single pathway that is
disrupted during development. The Wnt pathway is responsible for neural development
and is integral for establishing the anterior-posterior pattern within the central nervous
system (Domingos et al., 2011). To confirm that the Wnt pathway was responsible for
these malformations, qRT-PCR was performed to find changes in the genetic expression
of downstream targets within the Wnt pathway. Downstream targets within the Wnt
pathway were significantly down regulated in the embryos that had been raised in the
impaired waters (Znosko, unpublished data). To confirm that these tests had been truly
showing a change in gene expression, in situs hybridization were utilized. In situs
hybridizations are used to investigate RNA expression on individual embryos and can be
used to visualize malformations of the fish. They allow the specific RNA expression of
interest to be visualized within the zebrafish. The genes within the Wnt pathway were
found to have reduced expression within the embryos, including Zic2a, Tcf4, Msx1a,
Wisp1, Wnt5a and Wnt1 (Znosko, unpublished data).
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One reason for this could be the contaminants that are found within the water interact to
cause these malformations. Something that has not yet been determined, however, is how
the impaired water in Farmville is affecting developmental pathways important for
muscle development and movement. It is not uncommon for multiple pathways to be
altered in the prescence of impaired waters. Muscles are necessary for the fish to swim,
find food, and survive. By performing similar analyses as previous organ formation
studies, the role of a specific developmental pathways involved in muscle formation and
function can be determined.
In this project, the focus was to investigate the Notch signaling pathway. The Notch
pathway is responsible for regulating transcription and is often necessary for proper
development. Notch is the receptor that interacts with several transmembrane proteins to
signal to neighboring cells. This receptor is of particular interest because it does not have
secondary signals and yet is responsible for fundamental cell processes in the organism,
like cell differentiation and stem cell development in embryonic stages. When the Notch
receptor is bound, it directs the translation of multiple genes important for regulating
embryonic development. It is highly conserved throughout many animals, including
zebrafish. Notch signaling is capable of regulating cells that acquire neural potential
during development, and even neural cell fates in some vertebrates (Bray et al., 2006).
There are additionally a multitude of genes within this pathway that are relevant when
investigating muscle development (Holley et al., 2002). One gene, her9, previously
named hes1, is thought to enable DNA-binding transcription, as well as anterior and
posterior pattern specification. This specification allows the embryo to develop properly
by determining which end will develop into a head or tail. A second gene in this pathway,
hey1, has been established to have important roles in regulation of transcription of genes
as well as acting upstream of cell fate specification (Nandagopal et al., 2018). These
genes are two of many that are integral to this pathway, and integral for myogenesis, the
formation of skeletal muscle tissue, to occur (Figure 5). During differentiation of cells,
Notch signaling prevents muscle progenitor cells from becoming muscle cells, which is
important for eventual muscle regeneration and growth (Wolter, 2013). For myogenesis
to begin, an intercellular signal is given to somatic cells, which then can go through
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determination of cell type through the production of muscle specific proteins. The Notch
pathway suppresses the determination of the pre-muscle cells, myoblasts, to maintain
populations of stem cells in organisms to regenerate damaged muscle tissue (Wolter,
2013).
In this study, hey1, notch1b, her9 and jag2 were originally chosen from this pathway. In
a previous study, it had been established that the overexpression of genes in this pathway,
especially notch1b and her9, had impaired the regenerative growth of zebrafish tail fins
(Grotek et al., 2013). Since impaired water has shown past developmental mutations and
delays, it is then important to investigate the function of the newly formed muscles
caused by these genes. This pathway has yet to be examined in zebrafish raised in
impaired waterways.
It will also be important to test the performance of these muscles for survival. Muscles
are required in zebrafish to swim, as they use bursts to swim, requiring undulations
(Mwaffo et al., 2017). These muscles are located along the trunk of the fish, covering the
spine. By contracting and relaxing these muscles, zebrafish perform a complex
movement that we recognize as swimming (Olszewski et al., 2012). Swimming is
imperative for fish survival, to get food and to escape predators. To escape predators,
zebrafish exhibit a startle response. After a stimulus occurs, they move away from the
stimulus in a rapid bend of their body to allow them to sprint away. The bend in the body
forms a C-Shaped curve, known as a C-Start, that allows the fish to switch directions.
This common C-shaped motion also requires a lot of coordination and a quick response
time. Zebrafish can escape predators among other things while performing this motion.
The ability of the fish to make these successful fast movements stems from a collection
of neurons in their brain (Domenici et al., 1997). If their muscles are not formed properly
during development, or if they are significantly smaller, perhaps their startle response
will be slower, less powerful, and thus less effective.
To further determine safe conditions for humans as well as the inhabitants of the
waterways, this research is necessary. It contributes to the field because currently, there
are not any studies regarding the development of muscles in zebrafish when they are
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grown in impaired waters. By using local water samples from around Farmville, the level
of impairment can be measured using a bioindicator and accurately compared to the
control system water. By utilizing qRT-PCR, in situ hybridizations, and swim tests, the
full effect of impaired water on development and function can be studied. It is proposed
that zebrafish grown in impaired waters will have altered expression of genes within the
Notch pathway. This alteration at the genetic level will result in the improper
development of the muscles. This anatomical alteration can, in turn, effect the
physiological action of swimming within zebrafish.
Materials and Methods
Determination of Sampling locations
All test waters were obtained from one of two different natural stream sources within a
10-mile radius of Farmville, Virginia. These waterways were chosen as long-term
comparisons of the two streams tested reveal a pattern of FIB concentrations whereby
GRO > APP. Both sampling locations are within the upper Appomattox River watershed,
and both have been designated by the Virginia Department of Environmental Quality
(VA DEQ) as “impaired” due to fecal coliform (E. coli) levels. The threshold level of
impairment for fecal coliform level is 238/100 mL for freshwater streams in Virginia. For
one of the two sampling locations (APP), the predominant land use of the sub-watershed
is agricultural (beef, dairy, poultry, row crops, and hay fields) interspersed with mixed
hardwood forest and low housing density. The other sampling site, GRO, is within a
suburban/urban watershed impacted both by agriculture and street runoff.
Sampling Protocol for Test waters
Water samples were obtained according to published standards from a bridge perch via a
weighted, surface sterilized, tethered stainless steel cylinder holding a sterile 120 mL
polystyrene clinical sample container (NCS Diagnostics, Etobicoke, Ont.) and lowered to
mid-column into the deepest channel of the stream. All water samples were collected in
separate containers, capped tightly, and submerged in ice for transport to the laboratory
for assessment using Colilert® defined substrates (IDEXX, Westbrook, ME) medium for
enumeration of coliforms and E. coli. Samples were processed within one hour of
collection. For quality assurance purposes, both sample duplicates and field duplicates
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were assessed to validate bacterial counts performed for each sampling location each time
water samples were obtained. Physical parameters of temperature, pH, and dissolved
oxygen for test waters at each of the sampling locations were also measured using a Hach
Hydrolab probe with an MS 5 sonode with multiple sensors (Hach Hydromet, Loveland,
CO). A one-way analysis of variance (ANOVA) was used to analyze temperature, pH,
and dissolved oxygen collections between all sample’s sites during our study.
Bacterial Analysis of Test Waters
All water samples were aseptically processed to assess coliform and E. coli
concentrations using the Colilert Quanti-Tray 2000® envelopes (IDEXX, Westbrook,
ME). A 25% test-sample dilution (25 mL test sample and 75 mL sterile, phosphatebuffered dilution water) was used for all bacterial assays, processed according to the
directions of the manufacturer, and incubated at 44.5˚C ± 0.2˚C for 24 ± 2 hrs. For this
study, only counts of E. coli were used. One sample blank was processed with each
sampling date cohort to insure sterility of dilution water. After incubating, wells showing
chromogenic response (yellow) and fluorescing under long UV (365 nm) illumination
were counted positive for E. coli. All counts were performed using a most probable
number (MPN)-based system with quantification range between <1 and 9676 cells per
100 ml when using a 25ml sample dilution. For each sample date, aliquots of randomly
selected Quanti-Tray wells testing positive for E. coli were confirmed through lactose
fermentation (EC broth, BDL, Sparks, MD) and IMViC response (broth/ agar media,
DIFCO Labs, Detroit, MI). Using IMViC testing accompanied by the elevated
temperature (44.5˚C) of incubation was used to enhance the confirmation of E. coli. All
wells presumed to contain E. coli were confirmed as positive. Buckalew et al. 2006
reported there was no need for confirmatory testing of E. coli when using Colilert media.
Colilert test results were recorded as number of E. coli per 100 mL for all water samples
obtained.
Zebrafish Maintenance
Oregon AB* wildtype zebrafish were used in all experiments. The fish were bred, and
their embryos were harvested and separated into the different water treatment groups,
Gross, Appomattox, and the control which was from the aquatic housing system. They
were incubated at 28°C for 24-48 hours post fertilization. This was all in accordance with

Hayek 14
the National Institute of Health Guide for the Care and Use of Laboratory Animals and
the Longwood University Animal Care and Use Committee.
RNA Isolation and Purification
RNA was isolated from each treatment group at 24 and 48 hpf. The RNeasy Mini Kit
(Qiagen) extracted mRNA following associated protocol including optional DNase steps.
35 embryos from each treatment and time points were placed into a micro-centrifuge tube
and grouped together for mRNA extraction. RNA concentration was then measured with
a NanoDrop 2000c UV-Vis Spectrophotometer, and stored at -80˚C.
cDNA Synthesis and Verification
Stock solutions for cDNA synthesis were created using the RT2 First Strand Kit (Qiagen).
The amount of RNA used in the genomic DNA elimination mix was calculated based
upon the concentration given by the Nanodrop 2000c UV-Vis Spectrophotometer.
Samples were incubated at 37°C for exactly 60 minutes, then raised to 95°C for 5 minutes
to stop the reaction using BIO-RAD T100 Thermal Cycler. cDNA was stored at 4°C until
the next stage.
qRT-PCR & Data Collection
Master mix for the RT2 Profiler PCR Assay was created based on “Real-Time PCR RT2”
Profiler PCR Arrays’ (Qiagen). Samples of 2 ng cDNA were added to each well of a 96well plate (Qiagen). Primers used are specified in Table 1. Plates were then placed into a
Stratagene Mx3000p RT-PCR machine and were put through 10 minutes at 95°C,
followed by 40 cycles 15 seconds long at 95°C with a period of 1 minute in between at
60°C. Ct values were collected via Stratgene software, and were saved as a converted
Microsoft Excel file. Fold change was calculated by taking the average Ct value for the
control and subtracting the average ct of the gene of interest, then dividing this by the
gene average ct. This value was then squared to find the Delta Delta 𝑐𝑐𝑐𝑐 2 . This was the
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴−𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 2

equation: �

�

−1

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴−𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 2
�
�
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

�.

� , and if the output was under 1,

Hayek 15
In situs
In situ hybridizations were performed to visualize the developmental morphology of
muscles at 28 hpf to assess for defects. In situ hybridizations were performed as
described by Kudoh et al. 2001. The following antisense riboprobe was generated in this
study: her9 (Thisse et al., 2008)
Tracking Startle Response
As described in Domenici et al. in 1997, to observe the startle response we used large
tanks and rigged a three-camera set up to observe the adult fish movement for the
baseline. Then by playing a low frequency sound into the water we observed frame-byframe analyses how they move. Additional tracking programing, Deeplabcut, was used to
review the movement and quantify the C-starts of 3-week-old fish.
Results
For each gene candidate within the Notch signaling pathway, quantitative gene
expression was measured using quantitive qRT-PCR and compared using number of fold
change to the control system water. For her9, the fold change was less than -0.5 for 24
hpf embryos raised in the Appomattox River and almost 10-fold for 24 hpf embryos
raised in Gross Creek compared to control. The pattern of increased expression as
impairment increased was also seen for hey1. The fold change for hey1 was about 2 for
24 hpf embryos raised in the Appomattox River and about 10-fold for 24 hpf embryos
raised in Gross Creek compared to control. This same pattern was seen for cish.a, the fold
change was about 1 for 24 hpf embryos raised in the Appomattox River and about 10 for
24 hpf embryos raised in Gross Creek compared to control. (Figure 6). This analysis
indicates these genes as being severely altered expression levels when raised in impaired
waters.
For other genes chosen from the same Notch pathway, the gene expression did not differ
from the control. For notch1a, the fold change was about 2 for 24 hpf embryos raised in
Appomattox River and about 1.5 for 24 hpf embryos raised Gross Creek compared to
control. For notch1b, the fold change was about 1.4 for 24 hpf embryos raised in
Appomattox River and about 1.3 for 24 hpf embryos raised in Gross Creek compared to
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control (Figure 7). This indicates that this is not a global change in all of Notch signaling,
but only in specific genes.
To visualize RNA expression, in situ hybridizations were used. To pick a gene to make
the probe for, there needed to be significant changes in gene expression as determined by
the qRT-PCR. Of the gene candidates, her9, hey1 and cish.a showed significant increased
expression. When making each probe, only her9 was able to be completed during this
study. As the level of impairment of the water increased, so did expression of her9 in 28
hpf embryos. In the Appomattox treatment, 87.5% of embryos had similar expression
when compared to control. However, in the Gross Creek treatment, 45% of embryos had
overexpression of her9 RNA (Figure 8). This corroborates the qRT-PCR data, showing
an overexpression of specific RNA within the Notch pathway.
To test the importance of proper muscle formation on the actual physiology of muscle
movement, c-start recordings were visualized during zebrafish movement. Computer
software was used to track 8 points within a 3-week-old free-swimming zebrafish,
including each eye, tip of tail, pectoral fins, and yolk extension. By tracking these points,
the movement of the fish can be graphed after receiving a startle stimulus (c-start).
Preliminary data has been collected examining the c-starts of wildtype fish raised in
control waters (Figure 9). This will then be compared to c-starts of fish raised in impaired
waters.
Discussion
Our studies show a consistent, reliable relationship between FIB concentrations used for
predicting public health risk and alterations in fish development Important to note, these
studies did not focus on the specific contaminants within the waterways that are
producing these developmental malformations. This is too much of a ‘moving target’,
where concentrations of many contaminants will change on a weekly or even daily basis,
and different combinations of different contaminants can have drastically different
effects. Instead, this study focusing on using FIB to determine the overall ‘healthiness’
of a waterway and how that overall ‘healthiness’ (or ‘unhealthiness’) can have an overall
impact of the development of aquatic organisms found within the waterway.
In establishing preliminary effects of impaired water on development, survivorship was
previously observed to decrease as impairment levels of waterways increase (Figure 1).
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Survivorship is crucial to species maintaining steady populations over time. Since
impairment had a clear negative effect on survivorship of zebrafish beyond 24 hours, it
was necessary to continue to investigate the developmental causes leading to this
decrease in survivorship.
The results of the current study further inspect a direct relationship that starts with altered
gene expression, which initiates improper developmental signaling and formation of
muscles, which is hypothesized to lead to physiological defects within muscle movement.
In the Notch signaling pathway, which is crucial for muscle development and has been
studied extensively in a multitude of species including zebrafish, there are several genes
of interest. Gene expression had been significantly altered in 3 genes: her9, hey1, cish.a.
For her9 and hey1, the genes had been significantly overexpressed in 24hpf embryos in
the most impaired treatment group, Gross Creek (Figure 6). Previous literature has
established the issue of overexpression of genes, stating that it is exhaustive to the cells
and can lead to mutations. Important to note, in development, more is not always better.
Gene expression cannot be too little or too much – both resulting in improper
development (Driscoll et al., 2015). For cish.a gene expression was observed to severely
decrease in 24hpf embryos raised in Gross Creek (Figure 6). Downregulation of these
developmental genes could cause improper formation of trunk muscles (Mariot et al.,
2017).
Though these specific genes had altered expression, other genes present in the Notch
pathway remained unaltered: notch1a and notch1b. This demonstrates that development
will still occur, and impairment has not affected the entire pathway.
After establishing that gene expression was altered, it was natural to next investigate the
muscle formation and function. It was expected that more RNA expression of the gene
her9 would be observed in embryos raised in impaired water compared to control. This
was confirmed through in situ hybridizations of embryos at 28hpf. Significantly increased
RNA expression of her9 is visible (Figure 6). Since this was observed, it will be best to
investigate other downstream targets within the Notch pathway. In future studies, the
specific Notch genes within the trunk and tail muscles will be examined for proper
formation. As seen in A and B of Figure 10, trunk muscles are repeated to form
characteristic chevron shapes. Additionally, it is expected that C and D of Figure 10 will
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mimic more impaired treatment groups, as the chevron pattern is disrupted and the shape
not as clear, thus leading to improper muscle formation of the trunk (swimming) muscles.
Interesting to note, although her9 is a member of the Notch signaling pathway, and Notch
signaling is important for proper development of trunk muscles, 28hpf embryos did not
yet show any expression within the trunk muscles themselves, but only within the head
region. her9 expression may migrate, along with other markers of muscle formation,
such en2, during later stages of development, such as 36hpf (Rost et al., 2014). It has
previously been determined that muscle formation along the trunk can be malformed by a
variety of factors, which causes the repeating musculature of the trunk to lose its
appropriate chevron-shaped pattern (Figure 6; Rost et al., 2014). While other studies have
established this being possible, no other studies have investigated the effect of impaired
water on the formation of trunk muscles.
In addition to gene and RNA expression, this study attempted to track zebrafish
movement. By using zebrafish raised in impaired waters compared to control, this study
is aiming to compare performance of a c-start behavior. Tracking zebrafish swimming
has been previously conducted and has concluded that there are observable patterns in
their movement (Fontaine et al., 2008). A c-start is another observable pattern that is
important for fish survival (Gazzola et al., 2012). This study has been able to
successfully train a computer to appropriately track a zebrafish c-start behavior and
measure data such as angle of movement, reaction time, and reaction speed. This is no
small feat, though, since the camera software needed to learn how to follow the fish
before and after the stimulus had been played. This type of tracking, however, has never
been used to compare fish raised in impaired waters with a control. This novel study,
combined with future studies analyzing the c-starts of zebrafish raised in impaired
waterways, hopes to illustrate the developmental effects of impaired water on zebrafish
physiology and close this gap of knowledge.
Overall, this study has exemplified the idea that impaired waters negatively affect the
growth and development of a model organism, zebrafish. Gene expression was altered,
and in turn RNA expression of the same gene was observed to be altered. Additionally,
the Notch pathway has major roles in multiple areas of development, not just muscles,
like central nervous system development and endocrine development yet to be studied in
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impaired waters (Nandagopal et al., 2018). Future research also aims to quantify data
from c-starts in fish from zebrafish raised in impaired waters, which will have significant
importance in understanding fully the effects of pollutants in the local waterways.
Understanding the level of impairment of environmental waters and how this impacts the
development of aquatic organisms is important in understanding the impacts that humans
have on the environment. Looking at the impact that different levels of impairment have
on aquatic vertebrate development would be largely beneficial in protecting the local
waterways and understanding what changes are happening in them. It would give local
governments a better grasp on what needs to be done to protect the local watershed. Our
study has wide-reaching implications in understanding the development of aquatic
vertebrates in local water systems on both a genotypic and phenotypic scale. By
comprehending that there is an impact on gene expression during development of
zebrafish in impaired water, one can begin to understand the effect of local impaired
waterways on the organisms developing within them. These results can be built upon and
explored in the future, as the Notch pathway has links to tumor progression (Polakis,
2006). The ultimate goal of creating an easily usable and testable FIB scale to determine
the overall ‘healthiness’ of a waterway for the aquatic organisms found within this
waterway could be an appropriate tool to have to explain to lawmakers and other
interested parties about the importance of the quality of our waterways on proper aquatic
organism development.
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Tables
Table 1. Forward and Reverse Sequences of Chosen Genes.
Gene
hey1

(Guo et al., 2020)

her9
(Grotek et al., 2013).
notch1a
(Grotek et al., 2013).
notch1b
(Grotek et al., 2013).
cish.a
(Lewis et al., 2014)

Forward

Reverse

5’-GACCGTAGATCATTTAAAGATGC3’

5’-GCTATTGAGATGTGAAACCAGAC-3’

5’-AAAAGCGCCGCAGAGCGAGAAT-3’

5’-CAGCTGACAAGGCTGCGCTCAT-3’

5’-GAATGCATCTTTTCTTCGTG-3’

5’-CAGACACTTGCATTCTCCTC-3’

5’-CCATGAGAAACGCCTCAGGT-3’

5’-CTGGGTCTCCTGGGGGATTA-3’

5′-TCACCGAGACGCATTGACGAACC3′

5′-AGACTGAAACGACATTGCCTG-3′

Figures

Figure 1. E. Coli counts for Appomattox River and Gross Creek from May 2012 to
June 2014. E. coli counts per 100mL of sample are accounted for. The red dashed line
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shows the threshold of impairment at 238/100mL and greater for human use (Carrarra et
al., 2015).

Figure 2. Survivorship of zebrafish after being raised in impaired waters is reduced.
Embryos raised in raw (unfiltered) water samples indicated significantly decreased
survivorship at 60hpf when compared to controls, where decreases in survivorship
correspond to increased FIB levels within test waters (Carrarra et al., 2015).

Figure 3. Raising embryos in impaired test waters caused alterations in heart
development. (a)-(d) Embryos were treated in control waters (CONT) or waters from a
specific test site (APP, GRE, or GRO). Expression of a ventricular marker, vmhc,
indicated typical heart looping in CONT (a), whereas APP displayed minor alterations (b)
and GRE and GRO displayed drastic alterations within heart looping (c) (d) (Carrarra et
al., 2015).
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Figure 4. Raising embryos in impaired test waters caused alterations in brain
development. (a)-(h) Lateral views of embryos treated in control waters (CONT) and in
waters from a specific test site (APP, GRE, or GRO). Expression of an MHB marker,
fgf8, is slightly reduced in embryos raised in water from APP and GRE and is more
dramatically reduced in embryos raised in water from GRO (a)-(d) (Carrarra et al., 2015).

Figure 5. Notch pathway Signaling Including hey1 and her9. The Notch Signaling
Pathway comprises multiple ligands that are used in distinct biological contexts. In
principle, different ligands could activate distinct target programs in signal-receiving
cells, but it is unclear how such ligand discrimination could occur. Here, we show that
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cells use dynamics to discriminate signaling by the ligands Dll1 and Dll4 through
the Notch1 receptor. Quantitative single-cell imaging revealed that Dll1 activates Notch1
in discrete, frequency-modulated pulses that specifically upregulate the Notch target gene
hes1. (Nandagopal et al., 2018). In this publication, the previous name of her9 is used,

her9
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Figure 6. Gene Expression of Notch pathway genes are altered in treatment groups
compared to control. For hey1 and her9, expression is increased in embryos raised in
Appomattox River and is dramatically increased in embryos raised in Gross Creek. For
cish.a, there was a slight increase in expression in embryos raised in Appomattox River
and a dramatic increase in embryos raised in Gross Creek.
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Figure 7. Gene Expression of Genes in notch pathway unaltered in treatment. Gene
expression of two genes in the JAK pathway notch1a and notch1b, are unchanged
between control and treatment groups. For notch1a, no significant difference was
observed, and notch1b also showed no significant difference between treatments.

Figure 8. in situ hybridizations of 28 hour post fertilization zebrafish in treatment
groups. Zoomed in lateral views of embryos treated in control waters (A) and in waters
from a specific test site (Appomattox and Gross). Expression of her9 is slightly increased
in embryos raised in water from Appomattox (B) and is more dramatically increased in
embryos raised in water from Gross (C). The double arrowed boundaries indicate the
boundaries of her9 expression.
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A)

B)

Figure 9. Tracking movement of C-starts and measuring movement. A) Camera
tracking allows for visualization of C-Starts in 3 week old control zebrafish. B) Outputs
of tracking positions on eyes, base, nose and mid body points.

Figure 10. in situ hybridization of 18 somite stage and 36 hours post fertilization
zebrafish embryos with probe of en2 showing RNA expression. (A)The proper
expression en2 of muscles in an 18 somite stage. (B) Proper expression of en2 in a 36
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hpf. (C) The improper expression en2 of muscles in an 18 somite stage. (D) Improper
expression of en2 RNA expression at 36 hpf (Rost et al., 2014).

